ABSTRACT: Current methods for analyzing sialic acid diversity in modifications and linkages require multistep processing, derivatization, and chromatographic analyses. We here report a single-step optical method for identification and quantification of different compositions of sialoglycans on glycoproteins and in serum. This was achieved by measuring and quantifying nanometal surface energy transfer (NSET) signals between quantum dots and gold nanoparticles bound to specific sialic acid binding proteins (SBPs) and sialic acid moieties, respectively. The biosensing process is based on the NSET turn-on by external sialic acid species that compete for binding to the SBPs. Selectivity of the biosensor toward sialoglycans can be designed to detect the total amount, glycosylation linkages (α2−6 vs α2−3), and modifications (9-O-acetyl and N-glycolyl groups) in the samples. This nanobiosensor is a prototype expected to achieve limits of the detection down to the micromolar range for high-throughput quantification and analysis of different compositions of sialoglycans present in biological or biomedical samples. S ialic acids (Sias) are a class of monosaccharides typically found at the terminal location of N-glycans, O-glycans, and glycosphingolipids (and occasionally capping side chains of GPI anchors) in animals of the Deuterostome lineage, and in certain bacteria that associate with them.
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2 In vertebrates, Sias mediate a wide variety of biological roles, many of which are affected by the modifications and/or linkages of Sias.
3 For example, the role of CD22 in modulating B cell receptor (BCR) signaling depends on recognition of α2− 6-linked Sias, 4 and invasion by certain viruses also depends on Sia linkages and/or the presence of Sia-O-acetylation.
5 Altered sialylation is also a feature of a number of cancers. 6 Recently we have shown that the nonhuman Sia Neu5Gc is metabolically assimilated from dietary sources onto human cell surfaces and causes antigen−antibody mediated chronic inflammation, which can potentially facilitate disease processes such as tumor progression 7 and vascular inflammation, 8 as well as provide epitopes for antibodies as novel cancer biomarkers and immunotherapeutics. 9 Findings such as these have increased efforts to develop efficient methodologies to quantify sialic acid compositions in biological samples. Most chemosensor methods exploit the interaction between boronic acid and the hydroxyl groups of sialic acids. The drawback of such systems is the nonspecific binding to vicinal cis-diol derivatives.
10 In contrast, 1,2-diamino-4,5-methylenedioxybenzene (DMB) derivatization followed by reversed-phase high-performance liquid chromatography (RP-HPLC) is most useful for determining labile sialic acids. However, chemical derivatization is necessary to meet detection requirements, and there are multiple steps involved. 11 Recently, nanotechnology-based biosensors with improved speed, low cost, and direct readout results have been developed as new approaches for the detection of carbohydrates.
12 We present here the utility of the quantum dot nanometal surface energy transfer (QD-NSET) technique to detect and quantify different compositions of sialoglycans containing diverse sialic acid forms in biological samples. NSET is an efficient quenching technique occurring at distances nearly twice as far as fluorescence resonance energy transfer (FRET) . 13a This technique has been extensively used to measure distance for protein interaction on DNA and a Hg(II) sensor. 13 In our method, NSET between QDs and gold nanoparticles (AuNPs) is propagated by specific sialic acid-binding protein−carbohydrate interactions and biosensing is based on the switching-on of QD fluorescence by adding sialic acids or sialic acidcontaining glycoconjugates that compete for binding to the Siabinding protein (SBP) and therefore remove the quencher AuNP (Figure 1i ). To profile sialic acid compositions in biological samples, four SBPs with distinct binding specificity to sialic acid species were immobilized on QDs and reacted with PEGylated gold nanoparticles carrying Neu5Ac/Neu5Gc sugar moieties with or without 9-O-acetyl modifications. 9, 14 Limax flavus agglutinin (LFA), CD22 (Siglec-2), chicken-IgY antiNeu5Gc (CIgY-Anti-Neu5Gc), and bovine coronavirus HE 0 (BoCoV) were selected as SBPs ( Figure 1 ; SBP 2, 3, 4, and 5, respectively, yielding QD6, QD7, QD8, and QD9). While LFA is a lectin that binds to all common sialic acids, 15 human CD22-Fc is specific to Neu5Ac/Neu5Gcα2−6-linked sialic acids, 16 BoCoV is specific to 9-O-acetylated sialic acids, 17 and chicken anti-Neu5Gc-IgY is specific to the nonhuman sialic acid Neu5Gc. 18 Our results indicate that the QDs-based biosensor requires only a small amount of biomaterials (micromolar range) and provides high selectivity and sensitivity for different composition of sialoglycans, rendering this method attractive.
■ RESULTS AND DISCUSSION
Synthesis of Sialic Acid Functionalized Nanoparticles. Cadmium selenide/zinc sulfide (CdSe/ZnS) cores with SBPs were prepared starting from ligand exchange with thioctic acid and tri-n-octyl phosphine/tri-n-octyl phosphine oxide (TOP/ TOPO)-capped QDs to afford QD−COOH (1) . 19 The terminal carboxylic acid of 1 was further reacted with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and N-hydroxysuccinimide (NHS), before conjugating with LFA, CD22, CIgYAnti-Neu5Gc, and BoCoV (2−5) to yield QDs 6−9, respectively ( Figure 1 ). The conjugated QDs were purified by filtering with a Microcon centrifugal filter device with a cutoff range of 30 kDa. The concentration of protein on CdSe/ZnS was determined by the BCA assay using a microtiter plate. QDs 6−9 showed 6−7 protein molecules per quantum dot. The gold nanoparticles were obtained by adding a methanol solution of SH−PEG 2000 −COOH to an aqueous solution of tetrachloroauric acid (HAuCl 4 ) ( Figure 2 ). By reduction of the resulting mixture with NaBH 4 , a yellow to dark brown suspension was immediately formed. The suspension was shaken for about 2 h, and the solvent was then removed. The nanoparticles were purified by centrifugal filtering and characterized by 1 H and 13 C NMR and UV−vis spectroscopy.
19d The terminal carboxylic acid was further reacted with sialic acid species 10−12 ( Figure  2 ) to yield nanoparticles AuNPs 13−15, respectively. The concentration of sialic acids on AuNPs was determined by acid hydrolysis followed by the DMB-HPLC method, indicating that there were 15−18 sialic acid moieties per AuNP.
After synthesizing QDs and AuNPs, the fluorescence quenching efficiency can be quantified by the Stern−Volmer equation.
F 0 and F denote the steady-state fluorescence intensities in the absence and presence of the quencher AuNPs, respectively. A plot of F 0 /F versus [AuNPs] produced a straight line, as shown in Figure 3 , the slope of which gave the Stern−Volmer quenching constant. The experimental values of K SV of QDs 6− 9 with respect to AuNPs 13−15 are given in the Supporting Information, Tables S1 and S2 .
Although the quenching efficiency is quite high, the lack of localized surface plasma resonance (LSPR) of AuNPs 13−15 in the UV−vis absorption spectra suggests the absence of a FRET mechanism (Supporting Information, Figure S3 ). Instead of FRET, nanometal surface energy transfer (NSET) has been highly successful in describing the fluorescence quenching by small gold nanoparticles. 13 Recent studies show that NSET does not require a resonance interaction between the donor− acceptor probes. According to the Persson and Lang theory, AuNPs 17a with a limited size and surface will accept only a limited amount of energy by the formation of electron−hole pairs near the surface. (ii) Schematic illustration of the NSET-based sialic acid biosensor principles: QDs (6−9) were treated with different AuNPs (13−15) carrying sialic acid residues (10−12) to generate NSET-based photoluminescence quenching of QDs 6−9. Finally, the NSET was disturbed by adding external sialoglycans having strong affinity to SBP (2−5). To validate the mechanism of energy transfer from the QDs to the gold nanoparticles, we have examined the separation distance (d 0 ) at which the energy transfer efficiency is 50%. For the NSET mechanism, d 0 can be quantified by eq 2.
Φ QD denotes the quantum yield of the QDs 6−9 in the absence of acceptor, ω QD 2 and c are the angular frequency of the donor emission and velocity of light, and ω F = 1.2 × 10 8 cm −1 and k F = 8.4 × 10 15 rad/s are the bulk gold angular frequency and Fermi vector, respectively. The d 0 value in the NSET was calculated to be 6.33 ± 0.3 nm from eq 2 for QD-6 and AuNP-13, and this value is better fit to the NSET model of quenching compared to FRET. 13 This is due to the lack of a pronounced LSPR dipole absorption necessary for FRET.
Furthermore, the quenching constant derived for QDs 6 and 7 was almost the same as the quenching constant with AuNPs 13 and 14 quenchers. QDs 8 and 9 showed preferential quenching with particles 14 and 15, respectively, likely related to preferential binding with the nonhuman sialic acid Neu5Gc and 9-OAc-sialic acid, respectively (Supporting Information, Table S2 ). On the basis of these results, we constituted four donor/acceptor (NSET-1 (6/13); NSET-2 (7/13); NSET-3 (8/14), and NSET-4 (9/15) models at an optimal concen- tration useful for efficient NSET process and then studied how selective and sensitive these mixtures were as Sia biosensors.
To screen binding of different sialoglycans, four sialic acid monosaccharides (16−19) and five sialoglycans (21−25) were used representing the most common terminal-sialylated structures ( Figure 4 and Table 1 ). Using NSET-1 (6/13) as a donor/acceptor mixture, a uniform increase in the fluorescence upon the addition of 100 and 150 nM of compounds 16 and 17 and saturation in the signal at 600 and 700 nM was observed (Supporting Information, Figure  S2) . A similar experiment with compound 18 displayed much more sensitive gain in fluorescence compared to compound 19, indicating sensitivity of the LFA toward α-sialic acid species. On the basis of these results, the detection limit and detection range for free sialic acid were determined (Table 1) .
In contrast, increasing concentration of sialylated glycans 21, 22, and 24 resulted in a rapid concentration-dependent increase in fluorescence (Figure 5a ). The detection limit for these sugars was in the range of 0.4−0.5 nM (Table 1) . Moreover, the LFA binding trend is similar for α2−3-and α2−6-linked sialoglycans. To test for sialic acid sensitivity of human CD22-Fc, the NSET-2 (7/13) mixture was treated with 1− and NSET-4 (9/15) mixtures resulted in noticeable preferential fluorescence gain with Neu5Gc and 9-OAc-sialic acid specific glycans, respectively ( Figure 5 , parts c and d). The detection limits for compounds 22, 24, and 25 were calculated based on these results and found to be 0.2 and 1.2 nM, respectively. We observed two phases of fluorescence gain: a uniform rapid fluorescence gain, which can be interpreted as a simultaneous displacement of weakly bound glyco−AuNPs from immobilized SBP and a high affinity of the sugars for protein, and a slow gain that might be due to bulkiness of gold nanoparticles not allowing high-affinity sugars to displace effectively. Finally, the detection limit measured by this method was compared to other QD-based sugar biosensors (Supporting Information, Table S7 ).
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The selectivity of donor/acceptor mixture toward sialoglycans was further demonstrated using a series of solutions (water and PBS solution) containing one or a mixture of representative metals (Na + , K + , Ca
2+
, Zn
, and Cu
) or amino acids (leucine, alanine, glycine, aspartic acid, and glutamic acid) or sugars (glucose, maltose, lactose, and dextran) none of which gave fluorescence (Supporting Information, Table S4 ). The QD/Au mixture can be used to detect the amount of sialic acids with 90−98% accuracy, even after several weeks at −20°C, showing the stability of the method. The change in accuracy is due to the aggregation of nanoparticles and decrease in the quantum yield of the QDs.
After establishing that the QD-NSET method can quantify synthetic sialoglycan sensitively, we evaluated the applicability of these nanobiosensors to determine the various compositions of sialic acids in biological samples. We used model glycoproteins and different sera with a wide range of sialic acid compositions. An array of four NSET mixtures carrying specific SBP−sialic acid moieties was exposed to PBS solution containing 0.1, 0.25, 0.5, and 1.0 μg/μL solution of bovine submaxillary mucin (BSM), de-O-acetylated (D-BSM) and porcine submaxillary mucin (PSM) solutions, respectively, and change in fluorescence intensity was recorded after 1 min of exposure time. The quantification of sialic acid content in biosamples was derived from the standard curve obtained with the NSET mixture and standard sialoglycan compounds 21−25 ( Figure 6 and Supporting Information Table S5 ). Upon addition of BSM to NSET-1 mixture in PBS, a concentrationdependent spontaneous fluorescence gain is observed, indicating that sialic acid moieties on BSM successfully displace AuNPs 13, and the resultant fluorescence gain indicates the total sialic acid concentration in a given sample. Alternatively, when BSM was added to NSET-2 mixture in PBS, an enhancement of the fluorescence was relatively lower than that of NSET-1 mixture, indicating the amount of α2−6 sialoglycans is around 58−76% of the total sialic acid concentration. A similar experiment with NSET-3 resulted in a smaller fluorescence increase indicating the amount of Neu5Gc is around 21−41% of the total sialic acid. In contrast, NSET-4 showed a large gain in the fluorescence, because 62− 71% of the sialic acids in BSM are 9-O-acetylated (Figure 6a) . Finally, the Sia concentration measured by this method was compared to the data obtained by the standard DMB-HPLC method (Table 2 and Supporting Information Table S6 ).
The fluorescence gain in NSET-1, -2, and -4 with D-BSM was almost identical to BSM. However, NSET-3 showed very weak fluorescence since base treatment eliminates most 9-OAc groups, leaving a free OH form (Figure 6b ). In contrast, in PSM, the fluorescence was saturated after 0.5 μg/μL sample. This shows that PSM has more sialoglycans compare to BSM and D-BSM samples, and NSET-4 showed significant fluorescence gain indicating a smaller percent of the Sias are 9-O-acetylated (Figure 6c ).
After successfully studying the sialic acid compositions in model glycoproteins, we performed the same experiments with blood plasma samples from wild-type and Cmah −/− mice. Figure 6 , parts d and e, displays NSET mixture behavior at different concentrations of biological samples. As expected, wild-type plasma contains 67−74% α2−6 sialoglycans, 13−31% 9-O-acetylation, and 50−60% Neu5Gc, respectively (Supporting Information, Table S6 ). Finally, QD-NSET analysis showed that Cmah −/− plasma sialic acid contains 66−88% α2−6 sialoglycans, 31−53% 9-O-acetylated, and 1−10% Neu5Gc sugars, respectively (Supporting Information, Table S6 ). Importantly, all these values are in reasonably close agreement with more precise quantitation obtained with the DMB-HPLC method.
■ CONCLUSIONS
In conclusion, we have developed a single-step and rapid QD-NSET-based methodology for direct detection of different compositions of sialic acids in biological samples. Our methodology is based on sialic acid specific carbohydrate− protein interactions. The sensitivity of the sensor depends on the SBP that is employed. Using LFA, we detected total concentration of sialic acid in a given sample. CD22, CIgYAnti-Neu5Gc, and BoCoV were able to detect different linkages and forms of sialic acids. An array containing all these four SBP NSET mixtures would render high-throughput detection of different forms of sialic acid composition in a single platform. 
